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An empirical model has been developed to estimate the annual snow cover at Spen-
cer’s Creek in the Snowy Mountains from 1910 to 1968, based on historical monthly
precipitation and temperature data. These results, together with field measurements
by the Snowy Mountains Hydro-Electric Authority from 1954 to 1991, provide a
data set spanning 82 years, with the inability to validate pre-1910 data precluding
the estimation of the snow cover from earlier periods. The depth of snow through a
season defines the snow profile, and the integral of this profile has been used as the
measure of a season’s cover. Analysis of the values of the integrated profile indicates
no significant linear trend. The interannual variability has been quantified, and the
characteristics of the distribution of the values of the integrated profile derived. The
long-term nature of the snow cover is discussed in terms of four regimes of snowfalls

evident from inspection of the data.

Introduction

The impetus for this work came from a desire to
examine the long-term trends of the snow cover in
the Snowy Mountains. The only extensive collec-
tion of snow cover data is that which has been
undertaken by the Snowy Mountains Hydro-Elec-
tric Authority (SMHEA) at Spencer’s Creek (com-
mencing 1954), and Three Mile Dam (1955) and
Deep Creek (1957) (see Fig. 1). No comparable
Snowy Mountains records exist covering any
period prior to 1954. Therefore in order to deter-
mine trends over a longer period it was necessary
to develop a methodology to estimate pre-1954
snow cover using other data.

Previous work

Ruddell et al. (1990) have reported a comprehen-
sive examination of data describing the alpine
climate in southeast Australia. They have col-
lected data from a range of sources covering both
New South Wales and Victorian snowfields, and
determined statistical relationships relating snow
cover to winter temperature and precipitation.
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Ruddell et al. found that trends in maximum
snow depths from 1935 to 1989 indicated a mean
decline equivalent to about 5 per cent per decade,
but that this was not statistically significant.
Analysis of the mean winter and spring tempera-
ture data since the mid-1950s indicated no signifi-
cant trends. Reconstruction and analysis of the
maximum and end of winter snow depths from
1910 indicated that the high interannual varia-
bility was influenced to a significant degree by
variation in precipitation. This interannual varia-
bility was considered sufficient to obscure the
definition of any long-term temperature trend af-
fecting snow depth. Ruddell et al. concluded that
there was no evidence of a significant trend in
long-term snow cover.

Galloway (1986, 1988) has developed a model
using snowfall, snowpack, precipitation and tem-
perature data to determine the start and end of the
snow season and the maximum snow depth. This
model has been applied (Galloway 1989) to deter-
mine the extent of the snowfalls at the last glacial
maximum and in the early to mid-Holocene by
using temperature and precipitation deviations .
from the present-day average, these deviations be-
ing derived from other sources. The model has
been applied (Galloway 1988) to predict the
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Fig. 1 The Snowy Mountains are located in New South
Wales, in the northeast corner of the map.
Stations mentioned in the text are shown.
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length of the snow season assuming an enhanced
greenhouse effect defined by a mean temperature
rise of 2°C and a decrease in precipitation of
20 per cent. .

Methodology

A methodology has been developed to determine
the snow profile (the depth of snow through a
season), and subsequently the integrated profile
value (the integral of the snow profile). The inte-
grated profile value is a single measure of a
season’s cover, and is used here to quantitatively
compare seasons. The methodology uses monthly
Kiandra temperature and rainfall data as input,
and provides an estimate of the snow profile and
the integrated profile value for Spencer’s Creek as
output. Spencer’s Creek is the highest station of
the three currently used by the SMHEA for sys-
tematic recording, and is used here as the refer-
ence location for Snowy Mountains snow cover.

The methodology consists of several steps,
which are summarised below and addressed in
further detail in the Appendix.

-

Step 1. The monthly Kiandra temperature and
rainfall (interpreted as melted precipitation) data
are transformed to pseudo temperature and rain-
fall data applicable to Spencer’s Creek. The re-
lationships between the Kiandra and Spencer’s
Creek temperature and rainfall data were deter-
mined by analysis of the records from 1962 to
1966, the period of concurrent recording.

Step 2. For each season, the month in which snow-
falls commence is determined by examination of
the mean monthly temperature data. An empiri-
cal analysis indicates that snow is likely if the
mean monthly temperature is less than 1.2°C.
Step 3. Based on the mean monthly temperature,
tables are used to determine the values of two par-
ameters. The first parameter is used as a multi-
plier of the monthly rainfall to give the increase in
the depth of snow for that month. The second par-
ameter relates temperature to a decrease in the
depth of snow for that month. The relationships
between these variables were derived by analysis
of the Kiandra temperature and rainfall data
together with the Three Mile Dam snow depth
data (since depth data were not recorded at Kian-
dra) for the period of concurrent measurement
(1955 to 1968); details appear in the Appendix.
Kiandra is at an elevation of 1395 m, and Three
Mile Dam is 3.5 km west at an elevation of 1460
m. It is assumed that the functional relationships
derived from data from these stations apply
equally at Spencer’s Creek.

Step 4. Assuming all of the month’s snow falls in
the middle of the month, and that the rate of de-
crease of snow depth applies uniformly through
the month, calculate the snow depth in the middle
and end of the month.

Step 5. Follow the above two steps through a
season until there is no snow remaining. At the
end of this step, the season’s snow profile consists
of a series of snow depths at the middle and end of
each month.

Step 6. Calculate the average winter (June, July
and August) temperature and total winter rainfall,
including a month’s data only if the season has
commenced at or before that month.

Step 7. Form an independent estimate of the snow
depth at the end of August, utilising relationships
found between snow depth, total winter rainfail
and average winter temperature. These relation-
ships were found by analysis of the Spencer’s
Creek snow depth data together with the pseudo
temperature and rainfall data from step 1, and are
similar to those reported by Ruddell etal.
(1990).

Step 8. Calculate the ratio between the end of
August snow depths determined from steps 7 and
5. This ratio is now applied to each depth in the
profile determined at step 5.

Step 9. Integrate the resulting profile to give an
integrated profile value.
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The relationships between the variables ad-
dressed in steps 1, 3 and 7 have been determined
from an analysis of the available data, and there-
fore represent the nett effect of many laws of
physics. Their determination incorporates un-
certainties; however, as the laws of physics are
invariant, it is assumed that the relationships ap-
ply, as formulated, for the period under consider-
ation.

An estimate of the error in the integrated profile
values was obtained from a comparison of the
model results with the SMHEA depth data for the
period 1954 to 1968; the results are discussed
later. Further, to illustrate the importance of the

independent estimate of the end of August depth
discussed at step 7, an error estimate was obtained

using values of the integrated profile generated by
omitting steps 7 and 8. Details of the comparison
are discussed later.

It is fortuitous that a built-in test is available to
check the consistency of the estimates of the end
of August snow depth calculated at steps 5 and 7.
This test is undertaken by examining the ratio dis-
cussed in step 8 above, and noting that the profiles
generated with extreme values of this ratio are
necessarily uncertain. The problem of extreme
values may originate in the formulation of re-
lationships defining the first and second par-
ameters (see step 3 above) as step functions rather
than as continuous curves. Further effort at im-
proving the model and rectifying these problems
is warranted.

Validation of data

The Bureau of Meteorology, when asked to com-
ment on the suitability of the Kiandra tempera-
ture and rainfall data for use in this analysis,
noted that large variations in both temperature
and rainfall were to be expected when comparing
high altitude stations, and that this, together with
the scarcity of local stations, meant that confir-
mation of the validity of the data would be diffi-
cult. The Kiandra station history since 1910 was
available, and the Bureau noted that the site ap-
peared very good and was monitored by trained
and conscientious observers. Two families ran the
observing station between 1910 and 1937, and
another family until 1969. There was no snow
gauge until 1941, but three were used in the period
to 1969.

The Bureau identified six stations within a
radius of 100 km of Kiandra for which tempera-
ture records were available. The validation meth-
odology involved comparing the average annual
maximum and minimum temperatures with the
long-term means for those stations, and noting the

years for which the Kiandra data showed patterns
that were inconsistent with those from other

" stations. Aberrations were detected in data for 16

of the years from 1907 to 1968. As there was only
one other station with data recorded continuously

“from 1897 to 1907, strong validation of the

Kiandra data was not possible. The station histor-
ies for the six sites have not been examined.

To validate the Kiandra rainfall data, a com-
parison has been made with records from the
Tumbarumba and Tumut stations. The former is
44 km west at an elevation of 645 m, and the latter
is 68 km north at an elevation of 290 m. Samples
from the pre and post-1910 epochs were taken
from each station, to represent the periods with-
out and with Kiandra station histories respect-
ively. The Kiandra monthly winter data were
correlated (by reference to Snedecor and Cochran
(1967)) against those from the other stations for
the same epoch, and the correlation coefficient
and slope of the regression line used to make the
comparison. Results appear in Table 1. The Kian-
dra data for 1920-29 show a high value of the
correlation coefficient (0.91) against the closer
Tumbarumba station, and a value of 0.85 against
the more distant and lower Tumut station. The
Kiandra data for 1890-99 show lower values
(0.64 and 0.62) against the same stations. An ad-
ditional correlation between the Tumut and Tum-
barumba data for the period 1890-99 indicates a
correlation coefficient of 0.91. Therefore, whereas
the slopes of the regression lines pre and post-
1910 indicate that the pre-1910 Kiandra data may
be of use, the differences in the correlation coef-

Table 1. Comparison of the Kiandra rainfall data with
those from two neighbouring stations for the
periods 1890-99 and 1920-29.
(a) Using Tumut as the independent variable (x) and
Kiandra as the dependent variable (y).

. . . correlation
interval n slope  y-intercept coefficient
1890-99 30 1.30 63.2 0.62
1920-29 30 1.51 429 0.85

(b) Using Tumbarumba as the independent variable
(x) and Kiandra as the dependent variable (y).

. . correlation
interval n slope  y-intercept coefficient
1890-99 30 1.27 41.3 0.64
1920-29 30 1.18 47.9 0.91

(c) Using Tumut as the independent variable (x) and
Tumbarumba as the dependent variable (y).

. . correlation
interval n slope  y-intercept coefficient

1890-99 30 091 28.91 0.91
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ficients determined with the Kiandra data imply
that there is a larger degree of scatter about the
mean line of the 1890-99 data compared with the
1920-29 data. This is interpreted as indicating
that the pre-1910 Kiandra data are not totally con-
sistent with the data from the other stations, and
are therefore not entirely suitable for use in this
analysis. The Tumbarumba and Tumut station
histories have not been examined.

Results

Measured snow profiles for Spencer’s Creek for
1954-68 are shown in Fig. 2 along with the model
results for those years. Inspection shows that the
model provides a good approximation to the
measurements; see, for example, the results for
1954, 1958, 1960 to 1964, 1966 and 1968. It
is also noticeable that the model fails to identify
spring snowfalls when the average temperatures
are rising after mid-winter and the occurrence of a

. short colder period brings snow; see, for example,

the results for 1957, 1959 and 1965. This de-
ficiency contributes to the overall error in the
method, and further effort directed to its rectifi-
cation is warranted.

Integrated profile values have been determined
for the period 1954-91 using measured data, and
for 1910-68 using the model results, and are
shown in Fig. 3. Data points in the period of
overlap (1954 to 1968) are joined to indicate the
magnitudes of the errors in the model results. An
error estimate has been made by comparing the
integrated profile values from the model against
those from the SMHEA data for the years 1954-
68, and indicate an uncertainty in the model’s pre-
diction in terms of a standard error of estimate of
42.9 metre-days (hereinafter m-days). A further
comparison has been made following generation
of the profiles by omitting steps 7 and 8. The cor-
responding standard error of estimate is 75 m-
days, indicating the importance of step 7 to the
methodology.

Fig.2 Comparison of the measured snow depths and the model results for the years 1954 to 1968. The measured data are
joined by dashed lines, the model results by solid lines.
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Fig. 2 Continued.
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Fig. 2 Continued.
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Fig.3 Values of the integrated profile (measured in
metre-days) from 1910 to 1991. Values based on
model results are indicated by crosses, and those
based on measured data by circles. For each year
in the period of overlap (1954 to 1968), data
points are joined by dotted lines.
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A regression line has been fitted to the values of
the integrated profile from 1910 to 1991. That
line has a slope indicating a reduction of 0.55
m-days per year, however this result is not signifi-
cant. Regression lines have been fitted to the
average winter temperature and total winter rain-
fall from 1910 to 1968. The results indicate a
cooling equivalent to 0.007 degrees centigrade per
year, and a reduction in rainfall of 0.94 mm per
year; however neither result is significant.

The distribution of the integrated profile value
is shown at Fig. 4. Analysis of this distribution
indicates positive skewness, with a mean value of
193 m-days, a mode of 136 m-days, and a median
of 174 m-days.

Fig. 4 The distribution of the values of the integrated
profile for the period 1910 to 1991.
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Visual inspection of the data shown in Fig. 3
indicates four different regimes of snow cover in
the period 1910 to 1991, characterised by differ-
ent distributions of the values of the integrated
profile. These regimes are identified with the
years 1910-23, 1924-41, 1942-70, and 1971-91,
and are listed in Table 2. From Fig. 3, the first and
third regime are associated with higher values of
the integrated profile and greater interannual
variability, whereas the second and fourth are as-
sociated with lower values of the integrated pro-
file and lesser interannual variability.

To quantify the interannual variability evident
in Fig. 3, a coefficient of variation has been cal-
culated, defined as the standard deviation divided
by the mean. This coefficient has been deter-
mined for the entire data set, and for each of the
four regimes identified above. The results are
shown in Table 2. The regimes 1910-23 and
1942-70 have higher values of both the mean in-
tegrated profile value and the coefficient of vari-
ation than have the other two regimes.

Table 2. Comparison of characteristics of four snowfall
regimes, identified by visual inspection of

Fig. 3.

interval mean n coefficient

(m-days) of variation
1910-1991 192.8 82 50.5%
1910-1923 245.6 14 52.4%
1924-1941 161.0 18 39.9%
1942-1970 203.6 29 52.6%
1971-1991 165.1 21 41.3%

An 1l-year running mean has been used to sup-
press the shorter term fluctuations and emphasise
the longer term variations. This result is shown in
Fig. 5. For the years in which both SMHEA and
model results are available, both data points are
shown and are joined by dotted and full lines re-
spectively.

Discussion of results

From the above results, the following obser-

vations are noted:

(a) There is no obvious discontinuity in Fig. 3,
either in the mean or in the amount of vari-
ation either side of 1954 where the calculated
data abut the measured data; in addition, the
running means shown in Fig. 5 do not indicate
large nett differences between the calculated
and measured data. It is therefore concluded
that the modelling process has not introduced
any systematic errors in the determination of
pre-1954 profiles.
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Fig.5 Values of an 11-year running mean of the inte-
grated profile, with the model results indicated by
crosses, and the measured data by circles. The
year on the abscissa is the starting point of the
11-year window. For the years in which beth
model and measured data are available, the solid
line joins points based on the model results, while
the dashed line joins points based on measured

data.
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(b) The variation in the integrated profile values
is measured by the coefficient of variation and
a value of 50.5 per cent determined (Ruddell
et al. (1990) found a similar value), quantify-
ing a fundamental characteristic of the snow
cover in Australia—that of comparatively
large interannual variations.

(c) The distribution of the values of the inte-
grated profile has positive skewness and its
characteristics have been described.

(d) A feature of the snow cover from 1910to 1991
is evidence for the existence of the four differ-
ent regimes discussed above, and by the con-
comitant fluctuations in the 11-year running
mean shown in Fig. 5. Noting that the bound-
aries between these regimes are somewhat
open to interpretation, the first, from 1910 to
1923, was characterised by relatively high
snowfalls, and was followed by a change in the
1920s with the onset of more frequent lower
snowfalls in the second regime lasting from
1924 to 1941. The third regime, from 1942 to
1970, was characterised by a high interannual
variability, and the relatively high mean may
be related to the wetter conditions discussed
by Allan (1989). From the early 1970s, the dis-
tribution shifted to one of more frequent
lower snowfalls, as in the 1924 to 1941 regime.
These two regimes have similar mean values
of the integrated profile and coefficient of
variation as shown in Table 2. The link be-
tween snowfall variability and rainfall varia-
bility has been established by Ruddell et al.
(1990), and the understanding of the differ-

ences between the four snowfall regimes can
then be made primarily in terms of differences
in rainfall regimes. Further work directed
towards determining the geographical extent
of these differences is warranted.

(e) Analysis of the average temperature and total
rainfall for winter from 1910to 1968 indicates
no significant linear trends. Analysis of the
values of the integrated profile from 1910 to
1991 again indicates no significant linear
trend.

(f) Extension of this analysis to periods prior to
1910 has been restricted by the unavailability
of the Kiandra station history, by the inability
to validate the Kiandra temperature data as
insufficient comparative records from rel-
evant stations have been identified, and by the
quality of the Kiandra rainfall data pre-1910.
While it may be possible to synthesise rainfall
data commencing in 1897 and demonstrate
consistency with nearby stations, the absence
of sufficient comparative temperature data
and the unavailability of the Kiandra station
history may limit the confidence in the result-
ing profiles.

Conclusion

A methodology has been developed that estimates
the snow profile for the years for which relatively
high quality rainfall and temperature data are
available. Using the integral of the snow profile as
a measure of a season’s cover, trends in the snow
cover have been analysed based on calculated pro-
files from 1910 to 1968 and on the measured
profiles from 1954 to 1991. The results indicate
that there is no evidence of a significant linear
trend between 1910 and 1991, consistent with the
conclusions of Ruddell etal. (1990). Other
characteristics of the snow cover have been
determined.
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Appendix

Details of the methodology

The steps in the methodology are:

1. Transform the Kiandra rainfall and tempera-
ture data. The relationship between the Kiandra
and Spencer’s Creek temperature data was deter-
mined by finding the least-squares fits to plots of
July through September data. To accord with
common practice, a simple ratio between the rain-
fall data was derived by rotating the least squares
fit around the centroid of the data. The resulting
relationships are:

y=0.97x
where x = monthly rain at Kiandra (mm), and
y = monthly rainfall at Spencer’s Creek
(mm);

and y=0.85x—1.41
where x = monthly mean temperature at Kiandra
O
y = monthly mean temperature at Spen-
cer’s Creek (°C).

2. Determine if the season has started. The
season is deemed to start in the first month with
the monthly mean temperature less than 1.2°C. If
it hasn’t started, go back to step 1 and consider the
next month’s data; if it has, proceed to step 3.

3. From the monthly mean temperature and
monthly rainfall data, determine the values of the
two parameters relating rainfall, temperature and
depth of snow. Values of these parameters were
determined from the Kiandra temperature and
rainfall data and the Three Mile Dam snow data.
Values of the first parameter are shown below:

Parameter I Mean monthly temperature (T)

5 T<0
3 0<T<1.5
2 1.5<T<3.5
0 3.5<T

The resulting monthly increase in the depth of
snow (mm) is then defined as the product of par-
ameter 1 and the monthly rainfall {(mm).

The second parameter relates the rate of de-
crease of snow depth with temperature, and
values are shown below:

Parameter 2 Mean monthly temperature (T)

(mm/month)
300 T<1
600 1<T<3
900 3<T<3.5
1200 3.5<T<4
1800 4<T<7
2200 7<T

4. Determine the mid-month and end of month
snow depths, assuming the rate of decrease of
depth applies uniformly through the month, and
that all of the snow falls in the middle of the
month. If the monthly increase in snow depth
using parameter 1 is hl, and the monthly decrease
in depth using parameter 2 is h2, the snow depth
at mid-month is given by:

(depth at the end of the previous
month) +hl—h2/2.

The depth at the end of the month is given by:

(depth at the end of the previous
month) + hl—h2.

5. Continue through steps [-4 until there is no
snow remaining.

6. Calculate the average temperature and total
rainfall over the months of June, July and August,
noting that a month’s data are included only if the
season has started at or before that month.

7. Using the data from step 6 above, calculate the
predicted snow depth at the end of August. The
equation relating snow depth at the end of August
to the total winter rainfall and mean winter
temperature is:

z=ax+by+c

where x =total rain (mm)

y = mean temperature (°C)

a=4.11
=—359.4
c=—"547.1

z=snow depth (mm).

8. Calculate the ratio of the depth from step 7 to
that of the snow depth calculated from the profile
at the end of August at step 5. Multiply each mid
and end of month data point by this ratio. The size
of the scaling factor is a useful indicator of the
confidence that can be placed in the resulting pro-






